1. Introduction {#sec1}
===============

The prevalence of peripheral arterial disease (PAD) has markedly increased, affecting nearly 20% of people over 60 years of age \[[@bib1]\]. Critical limb ischemia (CLI) is the most severe clinical manifestation of PAD, resulting in the chronic inadequate supply of oxygen and nutrients to the extremities \[[@bib2],[@bib3]\]. CLI has become a major source of morbidity and mortality, which causes considerable economic and societal burdens. Despite various therapeutic strategies like surgical and endovascular revascularization, a substantial number of patients are not eligible for those treatments \[[@bib4]\]. Therefore, therapeutic angiogenesis, which aims to revascularize the ischemic tissue via capillaries regeneration and artery out of existing vessels has been extensively studied. Currently, multiple growth factors and stem cells have been tried as an angiogenic promoter \[[@bib5], [@bib6], [@bib7]\]. However, their clinical applications are limited due to their short half-life, poor stability, off-target effects, high cost and overlook the harmful microenvironment of ischemic tissue \[[@bib8],[@bib9]\]. The overexpressed H~2~O~2~ in ischemic muscles results in inflammatory responses and disturbs the promotion of angiogenesis by inhibiting the vascular endothelial growth factor (VEGF) expression \[[@bib10],[@bib11]\]. Therefore, a efficacious, safe and cost-effective strategy that promote angiogenesis along with microenvironment amelioration is urgent to develop \[[@bib12]\].

Epigallocatechin-3-gallate (EGCG) as the major polyphenol in green tea, has demonstrated the beneficial functions including ROS scavenging, antioxidation, anti-inflammatory, etc. \[[@bib13],[@bib14]\] Hence, EGCG possess potential value for application in the improvement of limb ischemic microenvironment. In addition, EGCG could coordinate with many different metal ions to form metal-polyphenol networks (MPNs), which arouse numerous interest due to single-step formation, high biocompatibility and versatility \[[@bib15], [@bib16], [@bib17]\]. Some MPNs were applied for anticancer drug delivery due to characteristic of ROS response \[[@bib18],[@bib19]\]. Meanwhile, zinc ions have been reported to have the ability to promote angiogenesis, cell proliferation, and migration \[[@bib20]\]. Moreover, its cellular and molecular mechanisms in modulating the wound healing process were reported in 2017 \[[@bib21]\]. However, its application was limited because of the significant toxicity \[[@bib22]\]. Therefore, the sustained and controlled release of zinc ions have attracted considerable attentions \[[@bib23],[@bib24]\].

Herein, zinc based metal-EGCG capsules (referred as EGCG/Zn Ps) was synthesized through the coordination between EGCG and zinc ions, which could not only achieve sustained release of Zn^2+^ resulting in reduced toxicity and improved angiogenesis as well as the improvement of microenvironment by ROS scavenging of EGCG. In vitro, the effect of antioxidant, anti-inflammatory, promotion of cell migration and VEGF expression of EGCG/Zn Ps were evaluated. Besides, the effect of promoting angiogenesis, cell proliferation and the recovery of limb blood perfusion, temperature and ischemic score of EGCG/Zn Ps were assessed with the mouse model of limb ischemia.

2. Experimental section {#sec2}
=======================

2.1. Materials {#sec2.1}
--------------

Epigallocatechin-3-gallate (EGCG, 95%) was purchased from Dalian Meilun Biotech Co. Ltd (Dalian, China). Zn(NO~3~)~2~·6H~2~O (99.0%), CaCl~2~ and Na~2~CO~3~ were purchased from Tianjin Xindayu Chemical Co. Ltd (Tianjin, China). Hydrogen peroxide (H~2~O~2~, 30 wt%), poly (sodium. 4-styrenesulfonate) (PSS, MW ca. 70 000) were purchased from Tianjin Guangfu Fine Chemical Research Institute (Tianjin, China). 3-\[4,5-dimethylthialzol-2-yl\]-2,5-diphenyltetrazolium bromide (MTT) was purchased from Sigma-Aldrich. PBS, anhydrous dimethyl sulfoxide (DMSO, 99.9% purity), RPMI 1640 medium (Hyclone), DMEM-F12, endothelial cell growth medium, fetal bovine serum (FBS), Tween 20, LPS, PMA were purchased from Solarbio Science &Technology Co. Ltd (Beijing, China). 1,1-Diphenyl-2-picrylhydrazyl radical 2,2-Diphenyl-1-(2,4,6-trinitrophenyl) hydrazyl (DPPH free radical, product number: D4313) was purchased from Tokyo Chemical Industry Co. LTD. Transwell BD Matrigel was purchased from Corning Incorporated (New York, USA). Anti-mouse enzyme-linked immunosorbent assay (ELISA) kits, TNF-α, and IL-6 were purchased from eBioscience (San Diego, CA, USA). VEGF, CD31and HIF-1α antibody were obtained from Abcam (Cambridge, UK). PCNA was obtained from Santa Cruz Biotechnology Inc (CA, USA). All chemicals were used without further purification.

2.2. Cells and animals {#sec2.2}
----------------------

NIH 3T3, RAW264.7 and HUVEC were purchased from the Cell Bank of China Academy of Sciences, and cultured according to the manufacture\'s guidelines. NIH 3T3 is one kind of mouse fibroblast cells and RAW264.7 is one kind of mouse macrophage cells. Six-week-old female Institute of Cancer Research mice were bought from the Academy of Military Medical Sciences (Beijing, China). All experimental procedures were approved by the Institutional Animal Care and Use Committee at Peking Union Medical College.

2.3. Synthesis of EGCG/Zn Ps {#sec2.3}
----------------------------

CaCO~3~ particles were synthesized via a fast coprecipitation method \[[@bib25]\]. Briefly, the stock solutions of CaCl~2~ and Na~2~CO~3~ with a concentration of 20 mM were prepared and poly (sodium 4-styrene sulfonate) was added in the above solutions with a concentration of 1 mg mL^−1^ 10 mL of Na~2~CO~3~ stock solution was rapidly poured into 10 mL of CaCl~2~·2H~2~O stock solution with stirring for 30 s at room temperature. The resulting CaCO~3~ microparticles were collected by centrifugation at 6010*g* for 5 min and washed three times with deionized water. Then, 0.5 mL of EGCG (24 mM) and 0.5 mL of Zn(NO~3~) ~2~·6H~2~O (24 mM) were successively added into 4 mL of CaCO~3~ suspension. Thereafter, 5 mL of MOPS (100 mM, PH 8.0) buffer solution was added to adjust the suspension pH. The resulting particles were washed to remove excess EGCG and Zn^2+^. The process of EGCG/Zn deposition was repeated three times, then CaCO~3~ coated with EGCG/Zn layer were obtained. Finally, the CaCO~3~ template was removed by immersing in EDTA solution (200 mM, PH = 8) for three minutes to obtain EGCG/Zn capsules. SEM images of EGCG/Zn Ps were performed. ICP and XPS were employed to detect the content of zinc element and the change of binding energy. A Nicolet Nexus 470-ESp FTIR spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) was employed to analyse the main functional groups of EGCG and EGCG/Zn Ps.

2.4. In vitro Zn ions release {#sec2.4}
-----------------------------

The release of Zn^2+^ from EGCG/Zn Ps in H~2~O or H~2~O~2~ (pH 7.4, 37 °C) was assessed. Briefly, EGCG/Zn Ps (15 mg) samples were incubated in 5 mL H~2~O or H~2~O~2~ (40 μM) with continuous shaking (100 rpm, 37 °C). At predetermined intervals, 1 mL of release medium was taken out and equal volume of fresh medium was replenished. The amount of released zinc was measured by inductively coupled plasma mass spectrometry.

2.5. Cytotoxicity of EGCG/Zn in vitro {#sec2.5}
-------------------------------------

The cytotoxicity was determined by MTT assay. NIH 3T3 and HUVEC were seeded in 96-well plates (5 × 10^3^ cells per well) and incubated with varying concentrations of Zn(NO~3~) ~2~ or EGCG/Zn Ps for 24 h. Then, MTT solution was added to each well (final concentration of 0.5 mg mL^−1^) and incubated for an additional 4 h. After that, the medium was removed and 100 μL of DMSO was added. Absorbance at 570 nm was measured with a microplate reader. Cell viability was expressed as a percentage of absorbance between experiment and control group (n = 3).

2.6. In vitro and intracellular ROS scavenging activity {#sec2.6}
-------------------------------------------------------

H~2~O~2~ scavenging abilities of EGCG, Zn(NO~3~) ~2~, and EGCG/Zn Ps were carried out at room temperature with the Amplex Red assay. Pipet 50 μL of 40 μM H~2~O~2~ solution (PBS, 25 mM, pH 7.4) into individual wells of a 96-well microplate, and then 50 μL of EGCG, Zn(NO~3~) ~2~ or EGCG/Zn Ps at different concentration was added. After reaction for 2 h, the H~2~O~2~ concentration was measured with the Amplex Red assay kit according to the manufacturer\'s protocol (Invitrogen, US). Besides, DPPH free radical scavenging of EGCG/Zn Ps was further evaluated. Firstly, different concentrations of EGCG/Zn Ps suspension were added into 2 mL of DPPH ethanol solution (100 μg mL^−1^). Ethanol was used as control. After incubating for 30 min, the absorbance at 515 nm of above mixed solution supernatants was detected with a Varioskan Flash Microplate Reader (Thermo Fisher Scientific). As for intracellular ROS scavenging ability, HUEVC, NIH-3T3 and RAW-264.7 cells (4 × 10^5^ cells) were seeded in a 24-well plate, then PMA was added into medium for up-regulating intracellular ROS level. Subsequently, different concentrations of EGCG/Zn Ps were added into medium. After incubating for 4 h, intracellular ROS level was detected by DCFH-DA, and the florescent images were obtained with a CLSM-410 (Zeiss, Jena, Germany). Besides, the fluorescence intensity of cells was quantifies with a BD Accuri C6 flow cytometer (BD Biosciences, San Jose, CA).

2.7. Anti-inflammatory, antioxidant, VEGF expression in vitro {#sec2.7}
-------------------------------------------------------------

RAW264.7 cells were seeded in 24-well plates (1 × 10^5^ cells per well) and treated with LPS (1 μg/mL) or different concentration of EGCG/Zn Ps (10, 25, 50, 100, 200 and 400 μg/mL). And the cytokines in supernatants (IL-6 and TNF-α) were analyzed by ELISA. LPS was used as positive control and PBS was used as negative control. NIH 3T3 cells were seeded in 96-well plates (5 × 10^3^ cells per well) and incubated with medium containing 0.5 mM H~2~O~2~ as well as varying concentrations of EGCG/Zn Ps (25, 50, 100, 200 and 400 μg mL^−1^) for 24 h. Finally, the cell viability of NIH 3T3 was detected by MTT assay. HUEVC were seeded into 24-well plates. After 24 h of growth (at \~80% confluency), the cells were treated with EGCG, Zn(NO~3~)~2~, or EGCG/Zn Ps for 12 h. The expression level of VEGF protein in the medium was measured with a commercially available ELISA kit (R&D systems). PBS was used as a negative control.

2.8. In vitro scratch assay and transwell migration assay {#sec2.8}
---------------------------------------------------------

HUEVC and NIH 3T3 cells were seeded in 6-well plates (4 × 10^5^ cells per well) and allowed to form a confluent monolayer. After starvation with serum free medium for 18 h, the cell monolayer was scratched in a straight-line with a 200 μL pipette tip to mimic an incisional wound. Subsequently, cell debris were washed away with PBS, and treated by Zn(NO~3~)~2~ with different concentrations of Zn ions (Zn^2+^: 10, 25, 50, 100, and 200 μM) at 37 °C with the medium containing 1% FBS. At desired time intervals, the cells were photographed and the rate of cell migration was calculated.

According to above method, in vitro scratch assay was also performed by treating the cells with PBS, EGCG, Zn(NO~3~)~2~ (Zn^2+^: 25 μM), or EGCG/Zn Ps (Zn^2+^: 25 μM), and the rate of cell migration was also calculated. Meanwhile, in vitro transwell migration assay was further performed. HUEVC cells (5 × 10^4^/ml cells in 200 μL of ECM) were added to the upper chamber with PBS, EGCG, Zn(NO~3~)~2~ (Zn^2+^: 25 μM), or EGCG/Zn Ps (Zn^2+^: 25 μM). 1300 μL of ECM containing 20% FBS was added to the lower chamber, then cells were cultured with 5% CO~2~ for 24 h at 37 °C. The cells were removed from the filter upper surface, fixed by methyl alcohol and stained with crystal violet for 15 min. On the underside of the filter, these cells that migrated through the filter pores were counted in 5 fields per insert and the average number of migrated cell was obtained. Three identical replicates were performed.

2.9. Establishment of left hindlimb ischemia animal model {#sec2.9}
---------------------------------------------------------

The animal model of hindlimb ischemia was established according to our previously described methods \[[@bib26]\]. Briefly, animals were anesthetized by intraperitoneal administration of chloral hydrate (400 mg/kg), and the hair on their limbs was completely removed with depilatory cream and wiped with ethanol. A skin incision parallel to the left inguinal ligament was made to allow for the proper isolation, ligation, and excision of the femoral artery from its origin just above the inguinal ligament to its bifurcation at the origin of the saphenous and popliteal arteries. The incision was closed using 6-0 prolene sutures. On the first day after operation, the mice were randomly divided into four groups (n = 6), which were treated with PBS (40 μL), EGCG (40 μL, 17.05 μg/ml), Zn(NO~3~)~2~·6H~2~O (40 μL, Zn^2+^:25 μM), EGCG/Zn Ps (40 μL, Zn^2+^:25 μM), respectively. The mice were treated three times, once every two days from the first day after operation. Each injection was performed smoothly over at least 15 s, and the needle was left in the tissues for at least 10 s to prevent back-leakage. The diagram of intramuscular injection can be seen in [Fig. S1](#appsec1){ref-type="sec"} and the gastrocnemius was collected for further analysis ([Fig. S2](#appsec1){ref-type="sec"}).

2.10. Limb ischemic, temperature, blood flow and neovascularization assessment {#sec2.10}
------------------------------------------------------------------------------

At day 0, 1, 3, 5, 7, 10 and 14 after operation, limb morphology was visually scored to evaluate the degree of ischemia-induced damage. Ten grades were used to measure the degree of limb ischemic injury ([Table S1](#appsec1){ref-type="sec"}, Supporting Information). Both limbs blood flow were evaluated by Laser Doppler perfusion imager (Moor Instruments, United Kingdom). Mean values of perfusion were calculated from the stored digital color-coded images. The blood flow level of the ischemic (left) limb was normalized to the non-ischemic (right) limb to avoid data variations caused by ambient light and temperature. Meanwhile, limbs temperature was also recorded by infrared thermal imaging system (FLIR E6 System, USA) and the temperature ratio of ischemic to normal hindlimbs was calculated. Besides, microcirculation imaging of mouse limb was demonstrated with Micro-CT (Quantum GX, PerkinElmer, USA). In addition, the mice were weighed during the experiment, and the optics images of hindlimbs were acquired by a digital camera on day 3, 7 and 14 after operation.

2.11. Histopathology analysis {#sec2.11}
-----------------------------

The mice were euthanized on day 14 after operation. Tissue samples of ischemic muscles were separated and fixed in 4% paraformaldehyde for 24 h, and 7 μm frozen sections were prepared. The sections were stained with hematoxylin-eosin (HE) for morphological analysis. Immunohistochemistry staining of CD31 (1:400 dilution), HIF-1α or PCNA were analyzed by counting 3 random high-power fields (magnification × 200) on an inverted light microscope. The results were expressed as the number of CD31-positive cells, HIF-1α positive cells or proliferating cell nuclear antigen (PCNA) positive cells per mm^2^. Quantification of the results was performed by densitometry (Image-Pro Plus 6.0, NIH, USA). Besides, the biocompatibility of EGCG/Zn Ps in vivo was evaluated by detecting the level of IL-6, TNF-α in the serum and HE staining of main organs.

2.12. Real-time quantitative polymerase chain reaction (RT-PCR) and Western blot {#sec2.12}
--------------------------------------------------------------------------------

Trizol reagent (Invitrogen, CA, USA) was used to extract the total RNA in leg muscle harvested from the sacrificed mice according to the manufacturer\'s instructions. Prior to reverse transcription, the total RNA was digested with RNase-free DNase (Invitrogen, CA, USA), and the quality was determined by ultraviolet Spectrophotometer analysis. The cDNA was synthesized from the total RNA template using reverse transcriptase (Invitrogen, CA, USA) and Olig (dT)12-18 primer (Promega, Germany). The conditions for PCR amplification were as follows: pre-denaturation at 95 °C for 10 min, 40 cycles of denaturation at 95 °C 15 s, annealing at 50 °C for 2 min, extention at 60 °C for 60 s. PCR products were purified with the Qiaquick DNA purification kit (Qiagen, Germany). The amplified products was detected using a sequence detection system (PE Applied Biosystem). Besides, protein samples were separated on SDS-polyacrylamide gels and then transferred to a polyvinylidene difluoride membranes, which were treated with blocking buffer (5% skim milk). Then the membranes were incubated with the primary antibody (anti-VEGF antibody) followed by incubation with an anti-mouse horseradish peroxidase conjugated secondary antibody. Immune reactivity was visualized using ECL plus system. Quantification of the results was performed by densitometry (Image J, NIH, USA) by comparing the density of identically sized areas (corresponding to immunoreactive bands) and total integrated density (arbitrary units).

2.13. Statistical analysis {#sec2.13}
--------------------------

Based on the normal distribution and equal variance assumption test, the data were expressed as mean ± standard deviation (SD) and analyzed via one-way analysis of variance (ANOVA) followed by Tukey\'s post-test analysis (GraphPad Prism 5, GraphPad Software, San Diego, USA). The differences were considered statistically significant at p \< 0.05 (\*), p \< 0.01 (\*\*) and p \< 0.001 (\*\*\*).

3. Results {#sec3}
==========

3.1. Synthesis and characterization of EGCG/Zn Ps {#sec3.1}
-------------------------------------------------

The EGCG/Zn Ps were examined using Fourier transform infrared (FTIR), X-ray photoelectron spectroscopy (XPS), Scanning electron microscope (SEM), Dynamic light scattering (DLS) and Inductively coupled plasma atomic emission spectroscopy (ICP-AES). FTIR spectra showed that the peaks at 1425 cm^−1^ and 1145 cm^−1^ of EGCG were buried and peak at 3358 cm^−1^ shifted to high wavenumber after zinc complexation ([Fig. 1](#fig1){ref-type="fig"}A). Besides, high resolution O1s XPS spectrum showed a major peak at 533.3 eV and a relatively small peak at 531.7 eV of EGCG shift to 532.9 eV and 531.5 eV, respectively ([Fig. 1](#fig1){ref-type="fig"}B and C). From [Fig. 1](#fig1){ref-type="fig"}D, SEM revealed that EGCG/Zn\@CaCO~3~ were spherical particle with smooth surface. After removing CaCO~3~ template, the typical morphology of capsule\'s fold and creases were observed with an average diameter of 2--3 μm ([Fig. 1](#fig1){ref-type="fig"}E and F). DLS show that the surface zeta potential of CaCO~3~ shifted from −8.3 ± 0.31 eV to −19.2 ± 0.35 eV after EGCG/Zn coordination layer formation, and then turn to −15.3 ± 0.7 eV after the removal of CaCO~3~ template ([Fig. 1](#fig1){ref-type="fig"}G). Meanwhile, ICP revealed that the proportion of zinc ion increased from 1.8% in EGCG/Zn\@CaCO~3~ to 2.2%--8.8% in EGCG/Zn Ps. The sustained release of zinc ions from EGCG/Zn Ps were confirmed in H~2~O or H~2~O~2~ solution. In the presence of H~2~O~2~, 78% and 92% of Zn ions were released within 26 h and 168 h, respectively, while only 69% and 84% of Zn ions were released incubating in H~2~O solution ([Fig. 1](#fig1){ref-type="fig"}H). The accelerated release of Zn^2+^ from EGCG/Zn Ps was ascribed to the ROS responsivity of EGCG-zinc metal networks. All above changes of EGCG/Zn Ps were attributed to the coordination reaction between EGCG and Zinc ions.Fig. 1The synthesis and characterization of EGCG/Zn Ps. (A) FTIR spectrometry of EGCG and EGCG/Zn Ps. The high-resolution O 1s XPS spectra of EGCG (B) and EGCG/Zn (C). SEM image of EGCG/Zn\@CaCO~3~ (D) and EGCG/Zn Ps (E, F). (G) The zeta potentials of CaCO~3~, EGCG/Zn\@CaCO~3~ and EGCG/Zn Ps. (H) In vitro release of Zn^2+^ from EGCG/Zn Ps incubating in H~2~O (pH 7.4) or H~2~O~2~ (40 μM). Values are mean ± SD (n = 3).Fig. 1

3.2. The biocompatibility and ROS-responsiveness of EGCG/Zn Ps {#sec3.2}
--------------------------------------------------------------

As expected, EGCG/Zn Ps exhibited much lower cytotoxicity towards both NIH 3T3 and HUEVC cells at high zinc concentration (400 μM) (p \< 0.001), indicating a better biocompatibility of EGCG/Zn Ps than Zn(NO~3~)~2~ ([Fig. 2](#fig2){ref-type="fig"}A and B). [Fig. 2](#fig2){ref-type="fig"}C and D suggested that H~2~O~2~ or free radical could be effectively scavenged by EGCG/Zn Ps in a dose-dependent manner. EGCG/Zn Ps possess better H~2~O~2~ scavenging efficiencies than Zn(NO~3~)~2~ in all the investigated concentrations ([Fig. S3](#appsec1){ref-type="sec"}). Meanwhile, intracellular ROS clearance was also detected by dichlorofluorescein diacetate (DCFH-DA). From confocal laser scanning microscopy (CLSM) images ([Fig. 2](#fig2){ref-type="fig"}E), an intense DCFA fluorescence signal implied that the intracellular ROS was obviously stimulated by propylene glycol monomethyl ether acetate (PMA) in human umbilical vein endothelial cells (HUVEC). While the DCFA fluorescence signal weaken due to intracellular ROS was eliminated by EGCG/Zn Ps. Similar results to HUVEC were also observed in NIH 3T3 and RAW264.7 ([Figs. S4 and S5](#appsec1){ref-type="sec"}). Moreover, the capability of EGCG/Zn Ps obliterate intracellular ROS was further confirmed by flow cytometry in HUVEC ([Fig. 2](#fig2){ref-type="fig"}F).Fig. 2Cytotoxicity evaluation and ROS-responsiveness of EGCG/Zn Ps. The cytotoxicity of Zn(NO~3~)~2~ and EGCG/Zn Ps to NIH 3T3 (A) and HUVEC (B). H~2~O~2~ (C) and free radical (D) scavenging by EGCG/Zn Ps. (E) CLSM images of ROS scavenging in HUVEC using DCFH-DA probe (EGCG/Zn Ps, 50 μg/mL). (F) Total fluorescence intensity (FI) of dichlorofluorescein fluorescence in HUVEC. The data are presented as the mean ± SD (n = 3, \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001).Fig. 2

3.3. Anti-inflammatory, antioxidant and VEGF expression in vitro {#sec3.3}
----------------------------------------------------------------

Compared with RAW264.7 cells unstimulated with LPS, the cells pulsed by lipopolysaccharide (LPS) showed high expression of pro-inflammatory cytokines IL-6 and tumor necrosis factor-α (TNF-α). Meanwhile, EGCG/Zn Ps exerted strong inhibitory effect on the secretion of TNF-α and IL-6 in a dose-dependent manner ([Fig. 3](#fig3){ref-type="fig"}A and B). Meanwhile, the antioxidant property of EGCG/Zn Ps was further confirmed by appraising the protection of NIH 3T3 from H~2~O~2~ toxicity. The survival rate of NIH 3T3 cells incubating with 0.5 mM of H~2~O~2~ increased from 31.9% to 81.4% after adding 200 μg/mL of EGCG/Zn Ps ([Fig. 3](#fig3){ref-type="fig"}C). Besides, the VEGF expression on HUVEC induced by EGCG/Zn Ps was also evaluated ([Fig. 3](#fig3){ref-type="fig"}D). With the increasing concentration of EGCG/Zn Ps, the expression level of VEGF was increased but afterward decreased at the turning point of 25 μM. When incubating with 25 μM EGCG/Zn Ps, HUVEC manifested over 4-fold increase in the expression level of VEGF compared to phosphate buffered saline (PBS) control.Fig. 3Effect of EGCG/Zn Ps on different cells. The levels of IL-6 (A) and TNF-α (B) in the supernatant of RAW264.7 cells. (C) The NIH 3T3 cells survival detected by MTT assay. (D) The VEGF expression on HUVEC in response to EGCG/Zn Ps. The data are presented as the mean ± SD (n = 3, \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001).Fig. 3

3.4. HUVEC migration {#sec3.4}
--------------------

The optimal zinc ions concentration that stimulated cell migration without obviously cytotoxicity was determined via a scratch assay. As for HUVEC, Zn(NO~3~)~2~ at a concentration of 10 μM, 25 μM and 50 μM significantly enhanced cell migration, while Zn(NO~3~)~2~ at a concentration of 100 μM, 200 μM inhibited cell migration ([Fig. S6](#appsec1){ref-type="sec"}). Therefore, the zinc ions concentration of 25 μM was chosen for all subsequent experiments. The effect of EGCG, Zn(NO~3~)~2~ and EGCG/Zn Ps on cell migration was also evaluated. PBS (20 μL) was used as the blank control. After incubation for 24 h, HUVEC exposed to EGCG-Zn Ps showed the highest migration (41.68 ± 2.46%), followed by those exposed to Zn(NO~3~)~2~ (35.86 ± 2.47%), EGCG (32.53 ± 2.04%), and PBS (28.12 ± 1.03%) (P \< 0.0024; Fig. 4Aa, B). The HUVEC number migrating through the filter pores to the underside of the filter in the EGCG-Zn Ps group (237 ± 23) were significantly higher compared with the number in groups Zn(NO~3~)~2~ (176 ± 12), EGCG (143 ± 11) and PBS (116 ± 6) (P = 0.0003; [Fig. 4](#fig4){ref-type="fig"}Ab, C).

3.5. Therapeutic effects of EGCG/Zn Ps on hindlimb ischemia {#sec3.5}
-----------------------------------------------------------

The ischemia was confirmed by Laser Doppler perfusion imager (LDPI) after the femoral artery ligation surgery and limb ischemic scores of all mice were similar on day 1. However, on days 3, 7, 14 after operation, mice in PBS group suffered the most severe limb gangrene among all groups ([Fig. 5](#fig5){ref-type="fig"}A). Meanwhile, after operation, the ischemic score of mice in PBS group decreased more slowly compared with other groups. On day 14, the ischemic scores of mice in PBS, EGCG, Zn(NO~3~)~2~ and EGCG/Zn Ps groups were 4 ± 1.41, 2.6 ± 0.89, 2.5 ± 1 and 1.33 ± 0.58, respectively (P = 0.0395) ([Figs. 5B and S7A](#appsec1){ref-type="sec"}). Meanwhile, although no significant difference on body weight change among four groups in the first week after operation, PBS group experienced the lowest recovery of body weigh on days 10 (P = 0.0092) ([Fig. S7B](#appsec1){ref-type="sec"}). On day 14, the body weight changes of mice in PBS, EGCG, Zn(NO~3~)~2~ and EGCG/Zn Ps groups were −0.12 ± 0.15 g, 0.32 ± 0.27 g, 0.77 ± 0.25 g and 0.99 ± 0.12 g, respectively (P = 0.0014) ([Fig. 5](#fig5){ref-type="fig"}C, [Fig. S7C](#appsec1){ref-type="sec"}).Fig. 4The effects of EGCG/Zn Ps on HUVEC migration. (A) Digital images of HUVEC migration of (a) scratch assay and (b) transwell assay (Zn^2+^, 25 μM). (B) Quantification of HUEVC migration by scratch assay. (C) Quantification of HUEVC migration by transwell assay. The data are presented as the mean ± SD (Scale bar: 50 μm; n = 3, \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001).Fig. 4Fig. 5The assessment of limb ischemic damage and body weight change of mouse. (A) Representative photographs of limbs. (B) Limb ischemic score over the time. (C) Body weight of the mice over the time. The data are presented as the mean ± SD (n = 6, \*P \< 0.05, \*\*P \< 0.01, \* and \*\* are relative to all groups).Fig. 5

The limb blood flow was monitored in vivo by LDPI at day 1, 3, 5, 7, 10 and 14 ([Fig. 6](#fig6){ref-type="fig"}A). Preoperatively, the blood flow ratio between the two normal hindlimbs for all mice was set to 1.0. On day 1, the blood flow ratio between the ischemic and normal limb was similar among all the groups. Subsequently, the blood flow ratio slowly recovered over time and mice in EGCG/Zn Ps group exhibited the quickly recovery of blood flow ratio ([Fig. 6](#fig6){ref-type="fig"}A, C). On day 14, the blood flow ratio in PBS, EGCG, Zn(NO~3~)~2~ and EGCG/Zn Ps groups were 0.772 ± 0.057, 0.789 ± 0.048, 0.824 ± 0.0185 and 0.869 ± 0.445, respectively (P = 0.0003) ([Fig. 6](#fig6){ref-type="fig"}C). Similar tendency of limb temperature change were confirmed by infrared thermal imaging system ([Figs. S8A and B](#appsec1){ref-type="sec"}). Moreover, we furtherly evaluated vessel volume of limb ischemia by Micro-CTA on days 14. The vessel volume in PBS, EGCG, Zn(NO~3~)~2~ and EGCG/Zn Ps groups were 32.41 ± 1.106, 35.17 ± 1.070, 40.42 ± 1.149 and 47.43 ± 0.226, respectively (P = 0.0156) ([Fig. 6](#fig6){ref-type="fig"}B,D). Taken together, these results indicate that EGCG/Zn Ps is effective for repairing limb ischemia and augmenting structural neovascularization.Fig. 6Limb blood flow and neovascularization assessment. LDPI images (A) and quantitative (C) showed blood flow of limbs (n = 6, \*\*P \< 0.01, \*\*\*P \< 0.001, \*\* and \*\*\* are relative to all groups). Micro-CTA images (B) and quantitative (D) showed vascular density. The data are presented as the mean ± SD (n = 3, \*P \< 0.05).Fig. 6

3.6. Angiogenesis and cell proliferation in vivo promoted by EGCG/Zn Ps {#sec3.6}
-----------------------------------------------------------------------

On day 14, HE staining of the muscle tissue suggested that mice in PBS group showed more serious atrophy in the gastrocnemius muscles than other groups ([Fig. 7](#fig7){ref-type="fig"}A). Immunohistochemistry staining indicated that significantly larger number of PCNA positive cells were observed in EGCG/Zn Ps group (0.559 ± 0.125) compared with PBS group (0.181 ± 0.064) (P \< 0.001) ([Fig. 7](#fig7){ref-type="fig"}A and B), which indicated cells proliferation and tissue repair was facilitated. As for angiogenesis indicator, the CD31-positive cells in the PBS, EGCG, Zn(NO~3~)~2~, and EGCG/Zn Ps groups were 0.047 ± 0.011, 0.101 ± 0.025, 0.197 ± 0.007, and 0.271 ± 0.009, respectively (P \< 0.001) ([Fig. 7](#fig7){ref-type="fig"}A, C).Fig. 7Histological analysis (x200). (A) HE staining and immunohistochemical staining (PCNA and CD31) of ischemic muscles. (B) The quantification of PCNA positive cells. (C) The quantification of CD31-positive endothelial cells. (Scale bar: 100 μm; n = 3, \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001).Fig. 7

3.7. HIF-1α and VEGF expression in vivo promoted by EGCG/Zn Ps {#sec3.7}
--------------------------------------------------------------

Meanwhile, HIF-1α positive cells were significantly higher in EGCG/Zn Ps group (0.119 ± 0.008) and Zn(NO~3~)~2~ group (0.116 ± 0.011) when compared with that in PBS group (0.074 ± 0.009) and EGCG group (0.068 ± 0.006) (P = 0.007) ([Fig. 8](#fig8){ref-type="fig"}A,C), which demonstrated that zinc ions could improve the expression of HIF-1α. Western blot analysis showed that the expression level of VEGF protein was obviously increased in EGCG/Zn Ps group ([Fig. 8](#fig8){ref-type="fig"}B), which up to 1.986 ± 0.304-fold over PBS group (P = 0.007) ([Fig. 8](#fig8){ref-type="fig"}D). The expression levels of VEGF mRNA in EGCG/Zn Ps, Zn(NO~3~)~2~ and EGCG group were 2.897 ± 0.752, 2.099 ± 0.429, and 1.357 ± 0.260-fold than that in PBS group, respectively (P = 0.0096) ([Fig. 8](#fig8){ref-type="fig"}E).Fig. 8HIF-1α and VEGF expression in vivo. (A) HIF-1α staining of ischemic muscles. (B) Western blot analysis result of VEGF expression. (C) The quantification of HIF-1α positive cells. (D) The expression level of VEGF protein expression. (E) The expression level of VEGF mRNA analyzed by PCR. The data are presented as the mean ± SD (Scale bar: 50 μm; n = 3, \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001).Fig. 8

3.8. Biocompatibility of EGCG/Zn Ps in vivo {#sec3.8}
-------------------------------------------

To determine the potential cumulative toxic effects of zinc ions, the toxicity of EGCG/Zn Ps to normal organ was evaluated. There was no significant histological evidence of accumulated toxicity in different organs associated with the administration of EGCG/Zn Ps ([Fig. S9A](#appsec1){ref-type="sec"}). In addition, the pro-inflammatory cytokines (TNF-α and IL-6) in serum were also measured, the results showed that no significant abnormalities were observed in EGCG/Zn Ps group ([Figs. S9B and C](#appsec1){ref-type="sec"}). These observations demonstrated that the cumulative toxicity of EGCG/Zn Ps in vivo can be negligible.

4. Discussion {#sec4}
=============

The previous studies indicate that the 3′-OH--4′-OH moieties are the most likely binding sites of the polyphenols for metals \[[@bib27]\]. In order to verify the successful coordination between EGCG and zinc in this EGCG/Zn Ps delivery system, several different detection methods, such as FTIR, XPS were adopted, which were strongly recommended by literatures \[[@bib15],[@bib28]\]. First, the acidic nature of the galloyl groups in EGCG cause zeta potential shift between EGCG and zinc. Second, FTIR show the peaks at 1425 cm^−1^ and 1145 cm^−1^ were attributed to the saturated phenolic hydroxyl group of EGCG, which were buried in the EGCG/Zn Ps indicating the phenolic groups coordinated with metal ions. Third, the peak at 533.3 eV and 531.7 eV were corresponded to HO--C and C000000000000 000000000000 000000000000 111111111111 000000000000 111111111111 000000000000 000000000000 000000000000O groups of EGCG \[[@bib28]\]. After chelation with zinc ions, the O1s peak corresponding to the HO--C group shifted from 533.3 eV to lower binding energy of 532.9 eV, which suggested electron transfer from zinc ions to EGCG \[[@bib29]\]. All these results were in accordance to the previous reports that the iron shift between phenolic and metals \[[@bib16],[@bib28]\]. From our data, the release speed is a bit rapider in H~2~O~2~ than PBS, which may indicate that EGCG was oxidized by H~2~O~2~ to form benzoquinone species and the capsule decomposed consequently. Therefore, the mechanism of the Zn^2+^ release may due to the degradation of EGCG/Zn Ps. Besides, CaCO~3~ was selected as the temporary template for its good biocompatibility.

As excess of extracellular Zn^2+^ is toxic, which could induce cell death \[[@bib30]\]. Our findings were generally consistent with previous studies that the toxic concentration of Zn^2+^ various from 100 μM to 600 μM for different cells \[[@bib31],[@bib32]\]. Meanwhile, compared to Zn(NO~3~)~2~, EGCG/Zn Ps showed much lower toxicity and better cell migration and VEGF expression, which was mainly attributed to the sustained release of zinc ions. Zn^2+^ has been reported to promote the expression of vascular endothelial growth factor (VEGF) \[[@bib33]\]. Sustained release ion could exert better property with less toxic \[[@bib34],[@bib35]\]. Besides, EGCG was reported to accelerate reepithelialization and angiogenesis \[[@bib36], [@bib37], [@bib38]\]. Therefore, it may be reasonable to explain that the EGCG/Zn Ps could exert the better result by combining the advantages of EGCG and Zn^2+^ sustain-release. In intro experiment, EGCG/Zn Ps has also been proved exerting antioxidant by eliminating H~2~O~2~ and showed a dose-dependent effect in the suppression of TNF-α and IL-6 expressions. These results were in accordance to previous studies \[[@bib21],[@bib39]\].

The concentration of zinc to exert angiogenesis in the mouse model of limb ischemic is less well known. Attia reported that 30 μM of zinc-containing fluid had significantly improve the wound healing \[[@bib40]\]. According to our in vitro experiment, the optimum concentration of zinc ions for cell migration and VEGF expression was 25 μM. So that 25 μM was chosen for in vivo study. Meanwhile, the injection interval of 1, 3 and 5 days were adopted for following two reason. First, the ROS level increased most obviously in the early stage of limb acute ischemia, so that is the best time for EGCG/Zn Ps to improvement the microenvironment \[[@bib41]\]. Second, according to the release kinetic test, there was around 80% zinc ions release within the first 48 h and interval injection benefit to guarantee the dynamic stability of the zinc concentration. Besides, 14-day time point was selected because the angiogenesis was shown to be transient as blood vessels regressed with time \[[@bib42]\]. It would be more valuable if we could demonstrate that the newly formed blood vessels are indeed mature and remain functional for more long time, but we mainly focus on demonstrating that EGCG/Zn Ps could exert angiogenesis in the present study. Long-term exploration worth further investigate.

Pipinos et al. reported that a high level of ROS generated in the ischemia hindlimb causes oxidative stress that contributes to inflammation in PAD and suppresses angiogenesis \[[@bib43]\]. Kwon reported that H~2~O~2~-responsive antioxidant polymeric nanoparticles as therapeutic agents for peripheral arterial disease \[[@bib44]\]. Therefore, reduce ROS stress might be a promising approach to promote angiogenesis and relieve symptoms of ischemia \[[@bib45],[@bib46]\]. Urao N has reported that angiogenesis and recovery of blood perfusion required an appropriate range of ROS because both too much and too little ROS were detrimental to cell viability and functions \[[@bib47]\]. Therefore, in our study, no obvious ischemia improvement was observed from EGCG group, which might due to excessively clear of ROS. However, EGCG/Zn Ps enable to eliminate ROS in a more moderate way and keep ROS in proper level benefit for angiogenesis. In addition, our study confirmed that zinc could promote the expression of the hypoxia response factor HIF-1α, in accordance with previous reports \[[@bib48]\], which was surely benefit from the sustained release of the EGCG/Zn Ps system. Therefore, it is reasonable that EGCG/Zn Ps could significantly improve angiogenesis in vivo, which were widely demonstrated by limb ischemic score, limb temperature, histological results as well as LDPI and micro-CTA evaluation. Certainly, more deeper mechanism worth further study.

5. Conclusion {#sec5}
=============

EGCG/Zn Ps, a new delivery system with angiogenesis property, was developed based on green tea polyphenol--metal networks. The biocompatible EGCG/Zn Ps could not only achieve sustained release of Zn^2+^ resulting in reduced toxicity and enhancive angiogenesis but also improve microenvironment by scavenging excess ROS and inhibiting inflammatory cytokine via EGCG. Moreover, this study demonstrate a safe and promising approach to combine the merit of Zn^2+^ and EGCG, thus enabling it as a potential medical therapy to treat CLI.
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